In this paper, effects of He + and H + co-implantation with high implantation energy on surface blisters and craters at different annealing conditions are systematically investigated. Surface morphology as well as defect microstructure are observed and analyzed by various approaches, such as scanning electron microscopy (SEM), optical microscopy (OM), atomic force microscopy (AFM), and Raman spectroscopy. It is found that after 500 • C annealing and above for 1 h, surface blisters and exfoliation are observed for Si and SiO 2 -on-Si wafers except for the samples implanted with only He + ions. AFM images reveal that the heights of blisters in Si and SiO 2 -on-Si wafers are 432 nm and 397 nm respectively and the thickness of transfer layer is at the depth of about 1.4 µm, which is consistent with the projected range of He + and H + ions. Raman spectroscopy demonstrates that higher annealing temperature can lead to a stronger intensity of the VH 2 peak. Under the same implantation parameters, surface morphology of Si and SiO 2 -on-Si wafers is different after annealing process. This phenomenon is discussed in detail.
Introduction
Implantation of light ions such as hydrogen and helium into semiconductors contributes to the blisters of free surface and defect microstructures of materials. Based on such phenomenon, the Smart Cut TM technology has been invented by Bruel to transfer a thin Si layer from a donor substrate to a handling substrate, leading to the production of high-quality silicon-on-insulator (SOI) wafers [1] [2] [3] . Many studies have provided evidence for the fact that after implantation and followed annealing, vacancies and hydrogen atoms in silicon can precipitate into nanoscale or microscale platelets and then grow up at length according to Ostwald ripening theory [4, 5] . During the annealing, these platelets eventually evolve into micro-cracks by mechanical coalescence [6, 7] . When these micro-cracks reach the free surface of the wafer, stress generated by pressure inside the platelets can relax through the blisters of the surface [8, 9] . These blisters then give rise to the exfoliation of the surface.
He + is chemically inactive and coprecipitates with vacancies to form bubbles because He atoms prefer to be trapped in a region containing low electron density [10] . On the other hand, H atoms diffuse to vacancy clusters in order to minimize the energy of the system by passivating the dangling bonds. Agarwal et al. [11] verified firstly that when He + and H + were co-implanted sequentially, thin film exfoliation was achieved by implanting a total dose at least three times smaller than that required by H + alone. In 2013, Wang et al. [12] found the relationship between surface damage and defect microstructure in Si wafers with 220 nm top SiO 2 sequentially co-implanted with 40 keV, 5 × 10 16 /cm 2 He + and 35 keV 5 × 10 16 /cm 2 H + respectively. In 2016, Cherkashin et al. [13] studied the characteristics of Si(001) wafers covered by a 25 nm-thick top SiO 2 layer and compared the defect microstructures after annealing under different implantation sequences of 12 keV, 7 × 10 15 He + /cm 2 and 6 keV, 6 × 10 15 H + /cm 2 . In 2018, Cherkashin et al. [14] investigated the influences of He + and H + relative depth distribution on blisters and exfoliation on surface with a 25 nm-thick top SiO 2 layer. Since the top SiO 2 layer mentioned above was relatively thin, the implantation energies of He + and H + ions needed were just several dozens of keV.
In this work, synergistic effects of the co-implantation of He + and H + with high implantation energy into the Si and SiO 2 -on-Si wafers are comprehensively investigated. Experiments are set up to explore the function of SiO 2 layer on the Si wafer during the different implantation processes. Meanwhile, high implantation energy results in a much deeper distribution of He + and H + in Si wafers and SiO 2 -on-Si wafers, allowing us to explore the effect of implantation depth on the size and density of blisters and craters.
Materials and Methods
Three experiments were carried out on 500 µm p-type Czochralski-grown Si (111) substrates: sample A was implanted at room temperature with only 300 keV He + at a dose of 5 × 10 16 /cm 2 , sample B and sample C were both sequentially implanted with 300 keV, 5 × 10 15 /cm 2 He + and 160 keV, 4 × 10 16 /cm 2 H + . However, a 400 nm-thick SiO 2 layer under the wet oxidation temperature of 1050 • C for 3 h was grown on the Si substrate in sample C before ion implantation. The detailed implantation parameters were shown in Table 1 . To be noted, the normal axes of sample A and sample B surfaces were tilted 7 • off relative to the axis of incident ion beam to minimize channeling effect. According to the simulation results of SRIM-2013 software [15] as shown in Figure 1 , the implantation of 300 keV He + and 160 keV H + ions had approximately the same projected range (R p ) and different straggle (∆R p ) in both sample B and sample C. After implantation, each wafer was cut into four smaller specimens and then subjected into furnace annealing at 400 • C, 500 • C, 800 • C, and 1000 • C in a flow of N 2 for 1 h respectively. In order to analyze the surface morphology, GeminiSEM 300 SEM (using back-scattered electrons mode) and Olympus OM were both applied. The size of craters and blisters were measured by Bruker AFM in tapping mode. Renishaw Raman spectroscopy was also evolved to study the thermal evolution of Si-H interactions with a resolution of 2 cm −1 . A 532 nm laser was used as the excitation source and laser power was fixed at 50 mW. Meanwhile, the laser beam was set to focus on the sidewall of craters so as to obtain a more distinct Raman spectrum. In order to analyze the surface morphology, GeminiSEM 300 SEM (using back-scattered electrons mode) and Olympus OM were both applied. The size of craters and blisters were measured by Bruker AFM in tapping mode. Renishaw Raman spectroscopy was also evolved to study the Figure 2 shows the SEM and OM images of the sample A, sample B, and sample C after annealing at the different temperatures of 400 • C, 500 • C, 800 • C, and 1000 • C for 1 h. Because of poor conductivity of the SiO 2 , OM measurement was chosen to inspect the surface morphology of sample C. It was found that no surface changes (i.e., blisters and exfoliation) occurred on sample A even after 1000 • C annealing for 1 h. For sample B, no blisters or craters were formed on the surface at 400 • C. However, when the annealing temperature rose from 500 to 1000 • C, surface morphology was gradually modified. The average diameter of shallow craters on sample B was measured to be several tens of microns at 500 • C and then the size became larger and larger as the temperature increased, indicating that the evolution of surface morphology closely depends on the annealing temperature. For sample C, at the beginning no changes were detected on the surface either. While the annealing temperature increases to 500 • C, blisters and craters began to appear on the SiO 2 surface. The size of craters is statistically plotted in Figure 3 . It is demonstrated that raising the temperature to 800 • C leads to the growth of blisters and the appearance of large craters. According to the results, quantity and size of the blisters and craters in sample C were both less than those of sample B due to the growth of SiO 2 layer. Nevertheless, both samples revealed the same rule that higher annealing temperature could activate the diffusion of the gas and vacancies from small blister cavities to the bigger ones. When the stress fields of blister cavities overlap, coalescence occurs [16] . Figure 4 displays the more detailed surface features of sample B and sample C detected by AFM. A single crater is captured as shown in Figure 4a ,b. Depths of the crater in two samples were measured to be 1.399 µm and 1.410 µm respectively, which is consistent with the projected range of He + or H + ions. Therefore, it can be speculated that the thickness of the transfer layer was about 1.4 µm. temperature increases to 500 °C, blisters and craters began to appear on the SiO2 surface. The size of craters is statistically plotted in Figure 3 . It is demonstrated that raising the temperature to 800 °C leads to the growth of blisters and the appearance of large craters. According to the results, quantity and size of the blisters and craters in sample C were both less than those of sample B due to the growth of SiO2 layer. Nevertheless, both samples revealed the same rule that higher annealing temperature could activate the diffusion of the gas and vacancies from small blister cavities to the bigger ones. When the stress fields of blister cavities overlap, coalescence occurs [16] . Sample C Raman spectra for sample B is plotted in Figure 5 . According to Ref. [17] , the stretching modes for Si(111):H, VH2, VH3, and VH4 were located at 2084 cm −1 , 2125 cm −1 , 2164 cm −1 , and 2219 cm −1 , respectively. With the increase of annealing temperature, the strongest peak position gradually moved to 2125 cm −1 , which presented the "VH2-like" defects, indicating that more and more H2 combined with vacancy species [18] . The defects initially generated by He and H ions co-implantation evolved into internal surfaces that eventually joined to form the macroscopic cracks, leading to Raman spectra for sample B is plotted in Figure 5 . According to Ref. [17] , the stretching modes for Si(111):H, VH 2 , VH 3 , and VH 4 were located at 2084 cm −1 , 2125 cm −1 , 2164 cm −1 , and 2219 cm −1 , respectively. With the increase of annealing temperature, the strongest peak position gradually moved to 2125 cm −1 , which presented the "VH 2 -like" defects, indicating that more and more H 2 combined with vacancy species [18] . The defects initially generated by He and H ions co-implantation evolved into internal surfaces that eventually joined to form the macroscopic cracks, leading to cooperative shearing of a Si layer. Between 500 • C and 1000 • C, the most significant change was the decrease in the concentration of hydrogenated multi-vacancies and the concomitant increase in the absorption of VH 3,4 species. This mode was assigned to "VH 2 -like" defects, based on its frequency. Both width and center frequency were in agreement with the isolated VH 2 defect. This is consistent with the mechanism as follows:
Experiment Results
Therefore, other types of peak intensity gradually became weak and the characteristic peak of VH 2 was enhanced, regarded as precursors of the gas-filled platelets and blisters. The microstructures contain H 2 -He platelets and He bubbles, and H 2 -He platelets coalesce to form micro-cracks. With increase of annealing temperature, characteristic peak strength of Si(111):H is impaired gradually. This implies that blisters can merge with neighboring ones at implantation depth [19] . 
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Discussion
When light ions driven by a high energy electromagnetic field are implanted into silicon through the surface of Si or SiO2, this process would cause considerable number of defects including vacancylike defects or silicon interstitials. Since He atom is inert while H is an active element, no chemical reaction could happen between He + and defects even though there exist a lot of lattice dislocations in sample A implanted with only He + . Moreover, a band of nanometer sized cavities is created at the depth of projected range of He + ions after annealing and the cavities distribute quite discretely [20] . After He ions implantation and even after 1000 °C no blisters occur. After implantation and then at the beginning of the annealing, He coprecipitates with vacancies to form bubbles and in order to activate the Ostwald ripening (change of He atoms and vacancies between bubbles), it is required to overcome high activation energy [10] . However, H + ions can readily react with lattice defects induced by ions implantation, which makes H atoms trapped in various defects. Both He + and H + ions implanted into samples produce vacancy-like defects at the end of their projected ranges. As shown in Figure 5 , at 500 °C and above, the Raman characteristic peak of VH2 in sample B is the maximum, meaning that more H2 are trapped in vacancies. After He ions implantation the system contains Si vacancies and interstitials, He inside bubbles and He in interstitial sites [21] . Then when H + is implanted, H + prefers to passivate the dangling bonds, store inside vacancies, and create hydrogenated complexes rich in vacancies VnHm with n > m (at the low frequency below 2050 cm −1 ) and hydrogenated complexes rich in hydrogen VnHm with n < m (at the high frequency above 2050 cm −1 ). After annealing the complexes rich in vacancies dissociate and H vacancies diffuse to the complexes rich in hydrogen VnHm with n < m. He in interstitial sites and in very small voids as HeV1 
When light ions driven by a high energy electromagnetic field are implanted into silicon through the surface of Si or SiO 2 , this process would cause considerable number of defects including vacancy-like defects or silicon interstitials. Since He atom is inert while H is an active element, no chemical reaction could happen between He + and defects even though there exist a lot of lattice dislocations in sample A implanted with only He + . Moreover, a band of nanometer sized cavities is created at the depth of projected range of He + ions after annealing and the cavities distribute quite discretely [20] . After He ions implantation and even after 1000 • C no blisters occur. After implantation and then at the beginning of the annealing, He coprecipitates with vacancies to form bubbles and in order to activate the Ostwald ripening (change of He atoms and vacancies between bubbles), it is required to overcome high activation energy [10] . However, H+ ions can readily react with lattice defects induced by ions implantation, which makes H atoms trapped in various defects. Both He + and H + ions implanted into samples produce vacancy-like defects at the end of their projected ranges. As shown in Figure 5 , at 500 • C and above, the Raman characteristic peak of VH 2 in sample B is the maximum, meaning that more H 2 are trapped in vacancies. After He ions implantation the system contains Si vacancies and interstitials, He inside bubbles and He in interstitial sites [21] . Then when H + is implanted, H + prefers Crystals 2019, 9, 671 6 of 8 to passivate the dangling bonds, store inside vacancies, and create hydrogenated complexes rich in vacancies V n H m with n > m (at the low frequency below 2050 cm −1 ) and hydrogenated complexes rich in hydrogen V n H m with n < m (at the high frequency above 2050 cm −1 ). After annealing the complexes rich in vacancies dissociate and H vacancies diffuse to the complexes rich in hydrogen V n H m with n < m. He in interstitial sites and in very small voids as HeV 1 diffuse to the complexes rich in hydrogen and then platelets form. These platelets are pressurized by H 2 and He and their internal surface are passivated by H. Thus there is a synergistic effect between He and H. On the other hand, He atoms trapped in bubbles before H implantation do not diffuse and stay inside the bubbles because it is energetically expensive to take out He from bubbles. Finally the microstructure contains H 2 -He platelets and He bubbles and with further annealing H 2 -He platelets coalesce to form micro-cracks that relax to the free surface inducing blisters. During the thermal growth of He blisters, additional H atoms are trapped and evolve into H 2 , increasing the pressure of He blisters. Extra pressure would form strong strain surrounding blisters. The strain is able to induce deformation of the surrounding lattice atoms and propagates further in the sample. According to Ref. [22, 23] , when the blister diameter increases, the stress and strain which are more localized in the periphery of the blistering increase till reaching a limit of Si plasticity and then a fracture occurs. Compared with the thickness of silicon substrate material, the thickness of the implantation layer is trivial. Thus, the strain needs to release towards the surface of samples and makes the sample surface appear the blisters and the localized craters, as shown in Figure 2 .
In Figure 2 , the diameters of craters in sample B at 500 • C, 800 • C, and 1000 • C are 31 µm, 41 µm, and 52 µm, respectively and in sample C, at 800 • C and 1000 • C annealing temperature, the diameters of craters are 26 µm and 34 µm respectively. Formation of craters is mainly caused by burst of blisters. Mitani et al. [24] obtained the formula of critical radius of blisters at interface of Si wafers through calculation:
where γ p is the surface energy of cavity surface passivated by H atoms, E is Young's modulus, t is the depth of ions implantation, α is a geometrical factor of about 1/3-1/2, ν is Poisson's ratio, and ∆p is the pressure difference between inside and outside cavity or crack. The above equation indicates that the critical size of surface blisters is proportional to the depth of ion implantation. With increase of depth of ion implantation, the diameter of blisters become large, leading to increase of diameter of craters. However, it is interesting to find that at the same annealing temperature, the number and size of the blisters and craters in the sample C are both obviously less than those in the sample B. According to the simulation results of the SRIM-2013, the projected range of He + and H + ions in sample C was about 1.37 µm and 1.38 µm, respectively. Due to the existence of the top SiO 2 layer, when He + or H + is implanted into the sample C through the SiO 2 layer, the implantation energy of light ions is transferred to O and Si atoms and causes damage cascades. In Figure 6 , the recoil distributions of O and Si atoms are mainly concentrated in the SiO 2 -Si interface and below 20 nm. O and Si atoms primarily existed in the form of interstitials. Puska et al. [25] verified that the excess of self-interstitials would be generated by the process of thermal oxidation near the SiO 2 /Si interface. Interstitials cannot diffuse to the surface of sample C through SiO 2 -Si interface and then annihilate. Thus, when He + and H + are implanted into the sample C, two areas with different defect types would form inside material: one is the excess of self-interstitials near the SiO 2 -Si interface, the other is the extra vacancy-like defects in the vicinity of the projected range of He + and H + . After the implantation of 300keV He + and 160 keV H + into sample C, the distance between two regions where two defects are located is large. So the composite effect between two regions is weak, which leads to decrease of cavities growth rate in the subsequent annealing process. The band of cavities is widened due to the diffusion and recombination between vacancies and interstitials, but the average size of cavities is reduced. Moreover, the SiO 2 layer can be used as the barrier to prevent the diffusion of interstitials towards the surface in the process of annealing.
projected range of He + and H + . After the implantation of 300keV He + and 160 keV H + into sample C, the distance between two regions where two defects are located is large. So the composite effect between two regions is weak, which leads to decrease of cavities growth rate in the subsequent annealing process. The band of cavities is widened due to the diffusion and recombination between vacancies and interstitials, but the average size of cavities is reduced. Moreover, the SiO2 layer can be used as the barrier to prevent the diffusion of interstitials towards the surface in the process of annealing. 
Conclusions
In summary, the influence of He + and H + co-implantation on the evolution of blisters and craters is systematically evaluated. The experiment results suggest that the size of craters and the height of blisters are both positively related to the annealing temperature. The maximum diameter of the craters could reach nearly 50 µm at 1000 • C. The relationship between implantation depth and critical radius of blisters and craters is also theoretically analyzed. With the increase of implantation depth, the diameter of blisters become larger, leading to increase of diameter of craters. In addition, it is also demonstrated that due to the deep implantation caused by high implantation energy, the self-interstitial near the SiO 2 -Si interface has a weak composite effect on the vacancy-like defects at the projected range. As a result, quantities and size of blisters and craters in SiO 2 -on-Si wafer are both less than these in Si wafer. Finally, according to the Raman analysis the higher annealing temperature could lead to a stronger intensity of VH 2 peak, indicating the enhancement of the combination between H atoms and vacancy-like defects, and then result in a larger exfoliation area. 
